Online diagnosis methods for high-voltage (HV) cable faults have been extensively studied. Power cable fault monitoring is not accurate, and the degree of data fusion analysis of current methods is insufficient. To address these problems, an online monitoring method based on the locus-analysis for HV cable faults is developed. By simultaneously measuring two circulating currents in a coaxial cable, a two-dimensional locus diagram is drawn. The fault criteria and database are established to detect the fault by analyzing the changes of the locus characteristic parameters. A cross-connected grounding simulation model of a high-voltage cable is developed, and several faults at different locations are simulated. Fault identification is established based on the changes in the long axis, short axis, eccentricity, and tilt angle of the track. The simulation and field experiments show that this method can provide an increased amount of fault-monitoring reference information, which can improve the monitoring accuracy and provide a new approach to cable fault monitoring.
Introduction1
At present, cross-linked polyethylene (XLPE) power cables are widely used owing to their excellent insulation properties and heat resistance [1] [2] . Because of uncertain factors in the design and production process, the fault frequency gradually increases, reducing power grid security. High-voltage (HV) cable faults are classified into three main types, i.e., cable line conductors, cable-to-conductor short-circuits and conductor-to-ground short-circuit, and cable insulation failure [3] [4] . Numerous faults cause the metal sheath's current to rise. If there is an excessive increase in the surge current, the energy loss of the cable metal sheath increases, weakening the current carrying capacity of the cable line [5] .
Online cable monitoring research started late in China. For many years, preventive tests have been the most common maintenance method; however, they were unable to detect faults in real-time [6] [7] . Cable insulation or fault monitoring methods include the temperature, DC component, dielectric loss, partial discharge, and traveling wave detection methods [8] [9] . The DC component and the dielectric loss methods * Correspording Author,Email:747610920@qq.com Digital Object Identifier:10.23919/CJEE.2019.000019
can only be used to perform an overall insulation-state evaluation with low precision. The partial discharge method is severely affected by the surroundings and the short signal propagation distance. High-frequency signals rapidly attenuate, rendering long-distance measurements difficult [10] . The temperature monitoring method is not sensible enough for fault identification, and the resulting data has limited use [11] . With the traveling wave method, it is difficult to detect the cable fault because the wave head amplitude is significantly attenuated and susceptible to interference signals, after the reflected wave propagates through the long cable line [12] . When using a single method, it is often improbable to accurately evaluate the status of the cable. Composite monitoring is a promising technology for the future development of online cable monitoring. However, two problems for effective composite monitoring must be solved. First, the measurement parameter must be representative, and it should accurately indicate the cable conditions. Second, data processing should involve the complete mining of the measurement data and provide a summary of their characteristics. Applying a multi-parameter comprehensive evaluation approach to the cable state evaluations can enable the full use of various insulation parameters required to accurately and efficiently evaluate the cable status [13] . Ref. [14] proposed an XLPE cable state assessment based on the evidence and on fuzzy logic theories; however, this assessment method was not novel with respect to parameter selection and data processing. Even though Ref.
[15] diagnosed faults by solving the ratio of the circulation current to load current, the diagnosis required more than six current sensors and could not accurately represent the fault that occurred at the first end of the coaxial cable. Ref.
[16] proposed a method, which involved current circulation at one direct-grounding box, to solve the unbalance degree, similar to a fault diagnosis method. Although it effectively avoided influences on the diagnostic accuracy from grounding resistance and other conditions, it did not consider the current components. The monitoring accuracy was, therefore, low, and the method was unable to monitor the entire cross-connected segment.
This study proposes an online monitoring method for HV cables based on the locus analysis, which is a solution for both discussed problems. In Section 2, the monitoring principles and currents in the sheath are introduced. In Section 3, the cable model and fault simulations are presented. In Section 4, the simulation results are analyzed. In Section 5, several conclusions based on the results of this study are presented.
Locus method
Cable faults or insulation state can be monitored by measuring the cable's ground current. In a cross-connected grounding system, the current sensors can only be mounted on a coaxial cable. This study chose, therefore, to measure the current components at the first end of the direct-grounding box coaxial cable, as shown in Fig. 1 . The measured currents are composed of leakage current components, i.e., the A 1 -B 2 -C 3 loops and the circulating current of loop circuit m1  I   1a  AL1  BL2  CL3  m1   4c  AR1  BR2  CR3  m1   I  I  I  I  I  I  I  I  I 
The size of the ground circulation current is not only related to the fault type, but also affected by numerous factors, such as the load current and grounding resistance. To eliminate the influences of other factors, the locus method is used.
The following equations are employed to set the parameters and analyze the measured current in Fig. 1 .
Eq. (4) can be obtained from Eqs. (2) and (3). 
Based on the principles of calculus and geometry [17] , the solution of Eq. (5) is represented by three different geometric shapes: an ellipse when the equation has no solution, a parabola when the equation has two identical solutions, or a hyperbolic when the equation has different solutions. 2 2 2 2 4c 1a
The Δ value, in Eq. (6), is always less than zero, indicating that Eq. (5) has no solution. As a result, the locus of I 1a (t)-I 4c (t) is represented by an ellipse, which is shown in Fig. 2 . All faults can change the locus. Fig. 3 shows the character parameters. 
Simulation
In this study, a 110 kV cross-connection cable simulation model was developed based on the data provided by a power company in the Hunan province of China. The cable's parameters are listed in Tab. 1 and Fig. 4 shows the simulation model. To overcome signal distortion caused by transient interference, the signal was considered valid when the difference between the (i+1)th and the ith measurement values had the following condition |I i+1
Tab.1 Cable parameters
The A-phase locus is established by measuring the A-phase current from point A to B, while the C-phase current is measured from point C to D. The equivalent load, the power factor, and the current load were set to 1 500 Ω, 1, and 73.9 A. The healthy locus shown in Fig. 5 was compared with the faulty locus. All data are taken from the second-third cycle. Fig. 5 Example of a healthy locus HV cables installed in tunnels may be submerged for several months due to a rainy season. A short circuit occurs when rainwater enters the tightly sealed cross-connecting box, flooding the sheath protector. Fig. 6 shows the water intake of the No. 1 crossconnected grounding box. The ground fault was simulated by lowering the ground resistance and placing the fault point in a different cross-ground box [18] . B2m2  CL3   I  I  I   I  I  I  I  I 
where ' A1m1 I , '
B1m2 I , and ' B2m2 I are the new metal sheath loop circulating currents after water enters the ground box. The circulation value of the new circulating current loop was greater than the original one. Fig. 7 shows the fault locus for this situation. The grounding box's identification is different depending on its manufacturer. Certain manufacturers use a protection layer circuit as the identification, while others use a current phase sequence. As a result, when the line is installed, the connection of the protective layer may be incorrect [19] . This study I  I  I  I  I   I  I  I  I  I   I  I  I Fig. 9 shows the connection error locus. The inner electrode, within the epoxy preform in the cable joint, degrades if the current flows through the forming melting channel, resulting in the connection of metal sheaths on both sides, thereby destroying the cross-connected system and increasing the sheath current. Long-term heat generation in the epoxy preform also introduces hidden vulnerabilities that inhibit the safe operation of the joint due to the poor cooling environment within it [20] . Fig. 10 shows the fault schematic diagram. 
where ' A1m1 I is the new sheath circuit, A 1 -A 2 -B 3 , after the fault occurrence. Fig. 11 shows the joint breakdown locus. 
Simulation analysis
Visual distinction of the different types of faults from the loci shown in Section 2 is difficult. A set of MATLAB program codes were, therefore, developed to calculate the long-short axis, a-b, the inclination angle,  between axes a and x, and changes in the rate of eccentricity, e, in order to describe the locus. Tab. 2 shows the percentage differences between the types of faults with respect to the changes of the characteristic parameters of a healthy locus. The data was obtained during fault simulations, and load changes were inserted into the database as the original evaluation criteria for use in the evaluation system. The fault type and position determination were jointly controlled by the fuzzy control. The original database was used as an expert system knowledge base according to the changes in the characteristic parameters listed in Tab. 2.
Tab. 2 Influences of the locus on different faults
The identification frame, Φ, was set to contain all faults. Five characteristic parameters, i.e., Δa, Δb, Δe, , and Δ, were the elements considered in a universal set U = {u1, u2, u3, u4, u5}. F is a mapping function of the U universe in the real domain, R. Any combination of parameters in U has a correspondent output conclusion F, which is a subset of Φ. Fig. 12 shows the fuzzy-control diagnosis system's flowchart. As there are no specific rules for the various types of fault changes listed in Tab. 2, the fuzzy control was used as a fault evaluation criterion to diagnose the variable interval. The clearest and most unique characteristic change was selected for identification. During the simulation, the original database was nearly able to conform to the complex and continuously changing conditions of the practical applications. An expert system was established to constantly update the knowledge base and strengthen the accuracy of the diagnosis. Experts obtain fault data from the knowledge base and update it through a remote diagnosis. Fig. 13 shows the field-monitoring equipment. The data of these two cases of the power company was selected for analysis and Fig. 14 Tab. 4 lists the measurement results obtained from the circulating current and dielectric loss methods.
Tab. 4 Measurement results

Method
Normal From Tab. 4, it can be seen that when the circulation method or the dielectric loss method were used, the measurement results of different faults were the same, resulting in errors.
Among online monitoring methods, the circulating current and dielectric loss methods are only able to predict the insulation state rather than the fault type or its location. The circulating current method also requires more than six current sensors to monitor a long cable. The proposed method only requires two current sensors and can analyze more features, making it superior to other methods.
Conclusions
Based on the locus method, a new method for sensing the state of HV cables was proposed. The following conclusions can be drawn based on the results of our study.
(1) With the proposed new method, the running characteristics of cable lines can be monitored in real-time and parameter calculation can be performed by drawing locus maps. Comparisons of locus maps can help in the effective judgment of HV cable line faults, enabling state perception for the HV power cable.
(2) The characteristic values include the length of the main shaft and minor axis, the eccentricity, and the long-axis inclination angle. Using the proposed method, there is a reduced need to perform power failure detection on the cable, resulting in an efficiency improvement of cable line fault detection.
The cable fault online-monitoring proposed method requires a large amount of data support to accurately estimate the cable insulation status. Improving the accuracy of this method, therefore, still requires a large amount of field data, i.e., an expert-evaluation opinion database. 
